Objective: To investigate the association of kidney function with white matter microstructural integrity.
Results: Participants had average eGFRcr of 86.1 mL/min/1.73 m 2 , average eGFRcys of 86.2 mL/ min/1.73 m 2 , and median albumin-to-creatinine ratio of 3.4 mg/g. Lower eGFRcys was associated with worse global white matter microstructural integrity, reflected as lower fractional anisotropy (standardized difference per SD: 20.053, 95% confidence interval [CI]: 20.092, 20.014) and higher mean diffusivity (0.036, 95% CI: 0.001, 0.070). Similarly, higher albumin-to-creatinine ratio was associated with lower fractional anisotropy (20.044, 95% CI: 20.078, 20.011). There was no linear association between eGFRcr and white matter integrity. Subgroup analyses showed attenuation of the associations after excluding subjects with hypertension. The associations with global diffusion tensor imaging measures did not seem to be driven by particular tracts, but rather spread across multiple tracts in various brain regions.
Conclusions:
Reduced kidney function is associated with worse white matter microstructural integrity. Our findings highlight the importance for clinicians to consider concomitant macroand microstructural changes of the brain in patients with impaired kidney function. Neurology ® 2015;85:154-161 GLOSSARY CI 5 confidence interval; DTI 5 diffusion tensor imaging; eGFR 5 estimated glomerular filtration rate; eGFRcr 5 creatininebased estimated glomerular filtration rate; eGFRcrcys 5 creatinine-and cystatin C-based estimated glomerular filtration rate; eGFRcys 5 cystatin C-based estimated glomerular filtration rate; FA 5 fractional anisotropy; MD 5 mean diffusivity.
The brain and the kidney are both vulnerable to vascular and hemodynamic alterations because of similar high-flow and low-resistance circulation. 1 Therefore, vascular damage in the kidney could mirror cerebrovascular changes in the brain. 1 Accordingly, a higher prevalence of cerebrovascular diseases such as stroke and vascular dementia among patients with chronic kidney disease has been reported. 2, 3 Beyond clinically evident cerebrovascular diseases, previous studies showed an association between kidney function and subclinical cerebrovascular diseases including brain atrophy and white matter lesions. 2, 4, 5 However, subclinical cerebrovascular diseases have a wide spectrum and conventional MRI sequences are not capable of capturing this entire spectrum. Diffusion tensor imaging (DTI) is an advanced MRI technique that provides quantitative information of microscopic changes of the cerebral white matter. Recognition of early changes in white matter structural integrity is of importance because it might help to prevent further progression of brain pathologies before reaching an irreversible stage. 6 Despite the current evidence indicating that advanced impairments in kidney function are associated with brain pathologies, 2,3 it is unknown whether changes in kidney function and glomerular integrity are linked to more subtle microstructural changes in the brain. In this study, we hypothesized that loss of kidney function is associated with microstructural changes of the white matter.
METHODS Population. The present study is embedded within the second extension of the population-based Rotterdam Study (2005-2009), including participants aged 45 years and older. For the current study, we included 2,825 individuals with DTI data, of whom 2,680 had urine albumin and urine creatinine measurements, 2,717 had serum creatinine measurements, and 2,726 had available data on serum cystatin C measurements (figure e-1 on the Neurology ® Web site at Neurology.org).
Standard protocol approvals, registrations, and patient consents. The Rotterdam Study has been approved by the medical ethics committee according to the Population Study Act Rotterdam Study, executed by the Ministry of Health, Welfare and Sports of the Netherlands. Written informed consent was obtained from all participants. 7 Kidney function. Estimated glomerular filtration rate (eGFR) was calculated for creatinine (eGFRcr) and cystatin C (eGFRcys) measurements separately as well as for both measurements combined (eGFRcrcys), according to the Chronic Kidney Disease Epidemiology Collaboration formula. 8 Albumin-to-creatinine ratio was estimated by dividing albumin by creatinine (mg/g). 9 Since measures of albumin-to-creatinine ratio were not normally distributed, albumin-to-creatinine ratio values were natural logtransformed (further details about kidney function measurements are in the supplemental material). We defined 3 categories of kidney function using information from both eGFR and albumin-to-creatinine ratio. This categorization is based on the cutoffs of the Kidney Disease: Improving Global Outcomes (KDIGO) 2013, 10 and has been applied in the research setting before. 11 Categories were defined on the basis of 2 criteria: eGFRcrcys .60 mL/min/1.73 m 2 and albumin-to-creatinine ratio ,30 mg/g. The first category included participants that met both criteria. The second category included participants that met only one criterion. Participants that met none of the criteria were classified as the third category. 11
Brain DTI-MRI. Brain MRI scanning was performed on a 1.5T MRI scanner (GE Signa Excite; GE Healthcare, Waukesha, WI). Scan protocol and sequence details are described extensively elsewhere. 12 For DTI, we performed a single-shot, diffusionweighted, spin-echo, echoplanar imaging sequence. Maximum b value was 1,000 s/mm 2 in 25 noncollinear directions; 3 volumes were acquired without diffusion weighting (b value 5 0 s/mm 2 ). 12 All diffusion data were preprocessed using a standardized pipeline, including correction for motion and eddy currents, estimation of the diffusion tensor, and registration to tissue segmentation to obtain global mean DTI measures in the normal-appearing white matter. These measures included fractional anisotropy (FA), mean diffusivity (MD), and axial and radial diffusivities. 13 In general, lower values of FA and higher values of MD are indicative of worse microstructural integrity of the white matter.
Next, white matter tracts were segmented using a diffusion tractography approach described previously. 14 We identified 14 different white matter tracts (11 tracts were defined for left and right hemispheres) in subject native space. Tracts were categorized into brainstem tracts, projection fibers, association fibers, limbic system fibers, and callosal fibers. 15 Tract-specific measurements of microstructure were obtained by taking median measures inside each white matter tract, with subsequent combination of left and right measures. 14 DTI values, both global and tractspecific, were measured using fully automated methods (no readers involved). Since these measures are not observer-dependent, no observer bias was introduced. However, there might be some random measurement noise in the scan protocol. The average tract-specific reproducibility of our multistep method was 87%. More details about the reproducibility of tract-specific DTI measures are provided elsewhere. 14 Cardiovascular risk factors. Information related to smoking and alcohol consumption was acquired using questionnaires. Alcohol consumers were categorized into nondrinkers, moderate drinkers, and heavy drinkers. Smoking was categorized into never, former, and current smoking. Information on medication use was based on home interviews. Hypertension was defined as a systolic blood pressure $140 mm Hg or a diastolic blood pressure $90 mm Hg or the use of antihypertensive medication. Cardiovascular disease was considered as a history of myocardial infarction, stroke, or coronary revascularization procedures. 16 Diabetes mellitus was defined by use of blood glucose-lowering medication and/or a fasting serum glucose level $7.0 mmol/L.
Statistical analysis. Associations between kidney function
markers and DTI measures were evaluated using multiple linear regression models. Subject-specific global and tract-specific DTI measures were standardized to z scores. Betas and 95% confidence intervals (CIs) for difference in DTI measures were estimated per SD increase of kidney function measures. We performed the analyses in 4 steps. The first model was performed unadjusted. In the second model, analyses were adjusted for age, sex, and macrostructural MRI markers including white matter volume, intracranial volume, and white matter lesion (also known as white matter hyperintensities) volume. In the third model, we additionally adjusted the analyses for cardiovascular risk factors (systolic blood pressure, diastolic blood pressure, alcohol intake, smoking, total cholesterol, high-density lipoprotein cholesterol, diabetes mellitus, history of cardiovascular disease, and body mass index) and antihypertensive and lipidlowering medication. In the fourth model, analyses with eGFR as determinant were adjusted for albumin-to-creatinine ratio, and analyses with albumin-to-creatinine ratio as determinant were further adjusted for eGFRcrcys. Based on previous literature 17 suggesting a U-shaped association between serum creatinine and brain outcomes, we further checked the nonlinear association of eGFRcr with DTI measures of white matter integrity by including the quadratic term in the model.
We performed an analysis of covariance where mean values of FA and MD were compared across 3 categories of kidney function. Moreover, we performed a series of sensitivity analyses, excluding participants with chronic kidney disease (defined as eGFRcrcys ,60 mL/min/1.73 m 2 ), diabetes mellitus, hypertension, and a history of cardiovascular disease. To investigate whether the association between kidney function and white matter integrity differs in participants with and without hypertension, we assessed the interactions between kidney function markers and hypertension in relation to DTI measures. In exploratory analyses, we evaluated whether the association between kidney function and white matter integrity is independent of C-reactive protein levels. Furthermore, to compare the magnitude of the association with age, as an established risk factor for impairments in white matter integrity, we calculated the effect estimates for the association of age with FA and MD. Then, we divided the betas (per SD) of kidney function markers by the betas of age in relation to DTI measures and reported the corresponding ratios.
In all analyses, we treated the phase encoding direction of the diffusion scan as a potential confounder. In tract-specific analyses of the medial lemniscus, we additionally corrected for its varying coverage inside the field of view of the diffusion acquisition across participants. All analyses were performed using SPSS 20.0.2 (IBM Corp., Armonk, NY) for windows or R version 2.15.0. Table 1 presents the characteristics of the 2,726 study participants. Average age of the participants was 56 6 6.4 years and 45% were male. Table 2 presents baseline characteristics of participants in different categories based on participants' kidney function.
RESULTS
The association between kidney function markers and global DTI measures of white matter microstructural integrity are presented in table 3. In the unadjusted model, higher albumin-to-creatinine ratio was associated with lower FA and higher MD (standardized difference FA: 20.102, 95% CI: 20.139, 20.066; standardized difference MD: 0.096, 95% CI: 0.061, 0.132). Higher albumin-to-creatinine ratio was also associated with higher radial diffusivity (0.063, 95% CI: 0.027, 0.100) and higher axial diffusivity (0.103, 95% CI: 0.067, 0.139). Adjustments for age, sex, and macrostructural MRI markers (white matter volume, intracranial volume, and white matter lesion volume) attenuated the association of albuminto-creatinine ratio with FA, MD, and radial diffusivity (table 3) . There was no association between albuminto-creatinine ratio and axial diffusivity in the second model. After further adjustments for cardiovascular risk factors, in the third model, associations of albumin-tocreatinine ratio with FA and radial diffusivity did not change, but the association with MD became nonsignificant (p 5 0.09). Adjustment for eGFRcrcys in the fourth model did not change the results (table 3) .
In the unadjusted model, each SD higher eGFRcys was associated with higher FA and lower MD (FA: 0.204, 95% CI: 0.168, 0.240; MD: 20.248, 95% CI: 20.283, 20.213). Likewise, each SD higher eGFRcys was associated with lower radial diffusivity (20.268, 95% CI: 20.303, 20.233) and lower axial diffusivity (20.157, 95% CI: 20.194, 20.120). The association of eGFRcys with FA, MD, and radial diffusivity attenuated after adjustment for age, sex, and macrostructural MRI markers. There was no association between eGFRcys and axial diffusivity in the second model. Further adjustments for cardiovascular risk factors, in the third model, did not change the associations of eGFRcys with DTI measures of white matter integrity. After adjustment for albumin-to-creatinine ratio in the fourth model, the association of eGFRcys with FA and MD attenuated and became nonsignificant (p 5 0.061 and 0.068, respectively) (table 3) . Categorical variables are presented as number (percentage), continuous variables as mean (SD), and white matter lesions and albumin-to-creatinine ratio are presented as median (interquartile range). The following variables had missing data: blood pressure (n 5 9), smoking (n 5 5), alcohol (n 5 12), lipid-lowering medication (n 5 24), antihypertensive medication (n 5 24), HDL (n 5 7), total cholesterol (n 5 5), albumin-to-creatinine ratio (n 5 141), history of cardiovascular disease (n 5 28), body mass index (n 5 2), and hypertension (n 5 24).
Each SD higher eGFRcr was associated with higher FA, lower MD, and lower radial and axial diffusivity (all p , 0.05). There was no linear association between eGFRcr and DTI measures of white matter integrity after adjustment for age, sex, and macrostructural MRI markers (all p . 0.05) (table 3) . Including the quadratic term of eGFRcr in the model suggested a U-shaped association between eGFRcr and markers of white matter integrity (all p values ,0.05 for test of quadratic term) (table e-1). After excluding the participants with 4 SD lower/higher eGFRcr (n 5 9), the U-shaped association was not present anymore. Performing the analyses with eGFRcrcys as the determinant, the effect estimates were intermediate between 2 separate equations of eGFRcr and eGFRcys and resulted in borderline significant findings (table e-2). Figure 1 shows age-and sex-adjusted means of FA and MD in 3 categories of kidney function. We Abbreviations: ACR 5 albumin-to-creatinine ratio; BMI 5 body mass index; chol 5 cholesterol; CVD 5 cardiovascular disease; DBP 5 diastolic blood pressure; DM 5 diabetes mellitus; eGFR 5 estimated glomerular filtration rate; eGFRcr 5 creatinine-based estimated glomerular filtration rate; eGFRcrcys 5 creatinine-and cystatin C-based estimated glomerular filtration rate; eGFRcys 5 cystatin C-based estimated glomerular filtration rate; FA 5 fractional anisotropy; HDL 5 highdensity lipoprotein; HTN 5 hypertension; ICV 5 intracranial volume; MD 5 mean diffusivity; med 5 medication; SBP 5 systolic blood pressure; WMLV 5 white matter lesion volume; WMV 5 white matter volume. Categorical variables are presented as number (percentage), continuous variables as mean (SD), and white matter lesions and albumin-to-creatinine ratio are presented as median (interquartile range). a Sample size in this table is based on participants with available data for both eGFRcrcys and ACR (n 5 2,513). observed a linear trend between different categories of kidney function and white matter microstructural DTI measures, reflecting worse white matter microstructure in persons with worse kidney function (p for trend 0.001 for FA and 0.002 for MD). Excluding individuals with chronic kidney disease, diabetes mellitus, or history of cardiovascular disease yielded similar findings. Excluding individuals with hypertension attenuated the association of kidney function with DTI measures (figure e-2). In the stratified analyses, the association between eGFRcys and MD was stronger in hypertensive participants (p for interaction, 0.001). A similar borderline significant trend was observed for the interaction between albumin-to-creatinine ratio and hypertension in relation to FA (p for interaction 0.059) (table e-3). Adjusting the association between markers of kidney function and DTI measures of white matter microstructural integrity for C-reactive protein did not substantially change the associations (data not shown).
In an extra analysis, we observed that each year increase in age was associated with lower FA and higher MD (table e-4). Comparing the effect estimates of age with eGFRcys in relation to FA, we showed that each SD lower eGFRcys had the magnitude equal to 4.1 years increase in age. Similarly, each SD lower eGFRcys in relation to MD had the magnitude equal to 1.5 years increase in age.
Associations between kidney function and tractspecific diffusion measures are presented in figure 2 and table e-5. Higher albumin-to-creatinine ratio was associated with higher MD in all tracts (projection fibers, association fibers, limbic system fibers, and callosal fibers). Likewise, higher eGFRcys was related to MD in all tracts, except for brainstem tracts. We did not observe any linear association between eGFRcr and tract-specific DTI measures. DISCUSSION In this cross-sectional study, we demonstrated that reduced kidney function was independently associated with worse microstructural integrity of cerebral white matter. The associations did not seem to be confined to specific white matter tracts.
Most previous studies that investigated the association of kidney function with brain outcomes have focused on cerebrovascular accidents, conventional macrostructural MRI markers such as brain atrophy, or manifestations of cerebral small vessel disease. 2, 4, 5 In this study, we show that reduced kidney function is related to loss of white matter microstructural integrity, which may be considered a more sensitive Table 3 Association of kidney function measures with diffusion tensor imaging measures of white matter microstructural integrity Abbreviations: eGFRcr 5 creatinine-based estimated glomerular filtration rate; eGFRcrcys 5 creatinine-and cystatin C-based estimated glomerular filtration rate; eGFRcys 5 cystatin C-based estimated glomerular filtration rate. Data are presented as difference (95% confidence interval). Differences (betas) and 95% confidence intervals are calculated using the per SD increase in log-transformed albumin-to-creatinine ratio/eGFRcys/eGFRcr and subject-specific mean standardized z scores for fractional anisotropy, mean diffusivity, and axial and radial diffusivity. Model I: crude model. Model II: adjusted for age, sex, intracranial volume, white matter volume, and log-transformed white matter lesion volume. Model III: additionally adjusted for systolic blood pressure, diastolic blood pressure, antihypertensive medication, alcohol intake, smoking, total cholesterol, high-density lipoprotein cholesterol, lipid-lowering medication, diabetes mellitus, history of cardiovascular disease, and body mass index. Model IV: additionally adjusted for eGFRcrcys in analyses with albumin-to-creatinine ratio as determinant, and additionally adjusted for albumin-to-creatinine ratio in analyses with eGFRcr or eGFRcys. a Significant results.
or subtle measure of white matter disease compared with macrostructural MRI markers. The associations persisted after adjusting for history of stroke and conventional MRI markers, indicating that decrease in kidney function might reflect early brain microstructural changes independent of coexisting comorbidities and pathologies. A linear association between eGFRcys and white matter microstructure was present; however, we observed a U-shaped association between eGFRcr and DTI measures of white matter integrity. This discrepancy could be explained by the fact that individuals with very low creatinine are also at increased risk because of malnutrition and loss of muscle mass. 18 In line with this explanation, Seliger et al. 17 reported a linear association between higher levels of serum cystatin C and prevalence of subclinical brain infarcts. In contrast, they found that the prevalence of subclinical brain infarcts was higher in both subjects with low and high serum creatinine, suggesting a U-shaped association. 17 Levels of serum cystatin C are reported to be independent of muscle mass; nevertheless, some cardiovascular risk factors, such as obesity and diabetes, can be non-GFR determinants of serum cystatin C levels. 19 In addition, previous reports proposed that underlying inflammation can influence levels of cystatin C. 19 Since inflammation itself is a vascular risk factor, cystatin C may reflect inflammatory status independent of eGFR. However, in this study, adjusting for cardiovascular risk factors as well as an inflammatory marker (C-reactive protein) did not change the associations.
Several explanations can be proposed for the association of kidney function with degeneration of white matter. First, kidney and the brain share several cardiovascular risk factors. Therefore, existence of these risk factors can simultaneously damage the vasculature of both kidney and brain. 1 While in this study adjusting for conventional cardiovascular risk factors such as blood pressure and excluding participants with diabetes or cardiovascular disease did not change our findings, excluding participants with hypertension attenuated the associations. This might indicate that history of hypertension has a role as an effect modifier and not as a confounder in the association between kidney function and white matter integrity. Future studies are needed to explore whether individuals with hypertension are more vulnerable to detrimental influences of impaired kidney function on white matter microstructural integrity. Second, it has been suggested that vascular damage is a diffuse phenomenon. 20 Given that the brain and kidney have similar circulation systems, and endothelial cells have a crucial role in both blood-brain barrier and glomerular integrity, 1 it is possible that this association can originate from a systemic process affecting vascular beds in both organs. 20 Third, it is possible that impaired kidney function can lead to brain vascular injury via increase in proinflammatory factors and decrease in serum nitric oxide. 5 Nitric oxide regulates the function of the cerebral microcirculation and the blood-brain barrier, which can contribute to cerebral hypoperfusion and subsequently white matter damage. 1 In the tract-specific analyses, MD seemed to be a more sensitive marker for loss of white matter microstructural integrity in relation to kidney function. This might be explained by the prevailing theory that less uniform changes in FA are seen in deterioration of crossing fiber regions, 21 in contrast to MD that may show more consistent changes in areas of white matter loss. This is further supported by the considerable estimates for the prevalence of crossing fiber regions in the brain. 21 The integrity of white matter is of great importance in normal functioning of the brain. Complex cognitive tasks are coordinated by interactions between different regions of the brain and intact white matter integrity has an essential role in these interactions. 14, 22 In line with this notion, we previously showed that early changes in white matter microstructure, as reflected in DTI measures of white matter, are associated with impaired cognitive function. 22 These associations were independent of macrostructural brain abnormalities such as white matter lesions. Our findings might suggest that impairments in white matter integrity can be an underlying mechanism behind the association between impaired kidney function and cognitive dysfunction. Strengths of our study include the large sample size and availability of extensive data on various cardiovascular risk factors, and macrostructural MRI markers that enabled us to control for several potential confounders. Nevertheless, a number of limitations should be acknowledged. First, because of the cross-sectional design of the study, we cannot draw conclusions about the directionality and causality. Second, the cerebellum was not fully incorporated in the field of view of the diffusion scan, making conclusion on brainstem tracts less reliable. In addition, our findings are based on a population-based study including relatively young and healthy individuals. Prevalence of kidney disease in this population is low and hence the associations are based on minor degrees of kidney dysfunction. Therefore, it is possible that the associations would be more prominent in older populations and in patients with kidney disease. In this study, we did not have enough power to perform the analyses in participants with eGFR ,60 mL/min/1.73 m 2 . Further patient-based studies are needed to investigate this link in high-risk individuals with lower eGFR levels.
In this study, we showed that kidney function is related to impaired white matter microstructural integrity, suggesting that both kidney biomarkers and microstructural changes of white matter are biologically related. Our findings suggest that clinicians need to consider concomitant macro-and microstructural changes in the brain among patients with impaired kidney function.
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